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In neutrino-nucleus interactions, a proton produced with a correlated pion might exhibit a left-
right asymmetry relative to the lepton scattering plane even when the pion is absorbed. Absent
in other proton production mechanisms, such an asymmetry measured in charged-current pionless
production could reveal the details of the absorbed-pion events that are otherwise inaccessible. In
this study, we demonstrate the idea of using final-state proton left-right asymmetries to quantify
the absorbed-pion event fraction and underlying kinematics. This technique might provide critical
information that helps constrain all underlying channels in neutrino-nucleus interactions in the GeV
regime.
I. INTRODUCTION
In the GeV regime, neutrinos interact with nuclei via
neutrino-nucleon quasi-elastic scattering (QE), resonant
production (RES), and deeply inelastic scattering (DIS).
These primary interactions are embedded in the nucleus,
where nuclear effects can modify the event topology. For
example, in interactions where no pion is produced out-
side the nucleus, one could find contributions from both
RES that is followed by pion absorption in the nucleus—a
type of final-state interactions (FSIs)—and two-particle-
two-hole (2p2h) excitation [1] besides QE. This admix-
ture of underlying channels complicates the experimen-
tal studies of neutrino oscillations [2, 3] where interac-
tion cross sections and neutrino energy reconstruction
are severely affected by nuclear dynamics.
The recent development of data analysis techniques [4,
5] allows the for separation of QE from non-QE processes
in the aforementioned zero-pion (0π) topology. And yet,
the remaining RES—referred to as absorbed-pion events
in this work—and 2p2h contributions occupy very simi-
lar phase space not only in the single-particle kinemat-
ics but also in the kinematic imbalance exploited by
those techniques [6, 7]. Their experimental evidence is
the otherwise unaccounted for measured excess of event
rates [8, 9]. Complementary to the 0π topology, pion
production [10, 11] has provided important constraints
on both primary pion production and pion FSIs (cf. for
example, Ref. [12, 13]). Had there been no 2p2h contri-
butions, details of absorbed-pion events could have been
better determined. The lack of experimental signature to
identify either process [14, 15] is one of the biggest chal-
lenges in the study of neutrino interactions in the GeV
regime. In this paper, we examine the phenomenon of
pion-proton correlation and discuss the method of using
final-state (i.e., post-FSI) protons to study absorbed-pion
events.
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II. METHODOLOGY
In neutrino-nucleon scattering where a proton and a
pion are produced,
νp→ ℓ−pπ+, (1)
νn→ ℓ−pπ0, (2)
with ν, p, n, ℓ−, and π being the neutrino, proton, neu-
tron, charged lepton, and pions, respectively, the (lepton)
scattering plane is defined as spanned by the momenta
of the incoming and outgoing leptons, ~pν and ~pℓ. With
a stationary initial nucleon, momentum conservation re-
quires that the final-state proton and pion occupy either
side of the scattering plane. If we define the direction
of ~pν × ~pℓ to be the right of the plane, a proton on the
left means a pion on the right, and a left-right asymme-
try of the proton indicates an opposite asymmetry of the
pion (Fig. 1). This is a spatial correlation between the
pion and proton as a result of momentum conservation.
In general neutrino interactions where a proton is pro-
duced, we define the proton left-right asymmetry (in the
lab frame unless otherwise stated) as
ALR ≡
NL −NR
NL +NR
, (3)
where NL (R) stands for the event rate of the proton be-
ing on the left (right) of the scattering plane. The left-
right asymmetries reported in existing measurements, as
quoted in later discussions, are defined for the pion and
hence need to be flipped (i.e. multiplied by −1) to trans-
late to the corresponding proton asymmetries in reac-
tions (1) and (2).
In neutrino interactions on nuclei where there are no
pions in the final state,
νA→ ℓ−pX, (4)
with A being the target nucleus and X a hadronic sys-
tem that doesn’t include any pions, reactions (1) and (2)
take place on the constituent nucleons. The pion is sub-
sequently absorbed in FSIs, while the proton propagates
2FIG. 1. Schematic of the kinematics in reactions (1) and (2).
N is the target nucleon. The black screen is the transverse
plane to the neutrino direction. Vectors on the screen repre-
sent the transverse projection of the respective momenta.
through the nucleus, carrying all primary information,
including ALR. A detector then measures the final-state
proton. However, protons from QE and 2p2h are indis-
tinguishable from these correlated protons. As a result,
all measured primary information from reactions (1) and
(2) is diluted. The extent to which ALR is reduced de-
pends on the absorbed-pion fraction Sπ in the sample. In
other words, by measuring the attenuation of the proton
ALR, we could obtain Sπ in reaction (4).
This method relies on the following assumptions. First,
there is a pion-proton correlation unique to pion produc-
tion on free nucleons. In this work, we consider the left-
right asymmetry with respect to the scattering plane.
In the 1970s and 1980s, hydrogen and deuterium bubble
chamber experiments provided the only measurements
on (quasi-)free nucleon targets. With a deuterium tar-
get, ANL reported ALR = 0.053 ± 0.035 of π+ in reac-
tion (1) with a neutrino beam energy distribution that
peaked near 0.9 GeV [16]. In 2017, MINERvA reported
ALR = 0.15 ± 0.10 of π0 in the pπ0 rest frame from re-
action (2) on a hydrocarbon target at the Low-Energy
NuMI beam with peak energy about 3 GeV [11]. These
asymmetries indicate the polarized production of reso-
nances, dominated by ∆(1232), and are ascribed to the
interference between the resonant and nonresonant am-
plitudes [17–20]. Most recently, T2K measured the left-
right asymmetry in π+ production on hydrocarbon over
its off-axis neutrino beam spectrum peaking at 0.6 GeV
and reported ALR = 0.038 ± 0.046 [21]. It is consistent
with a linear extrapolation of the previous measurements
as a function of the beam energy. Currently, the bubble
chamber data are dominantly constraining theory cal-
culations on the nucleon-level asymmetry. It would no
longer be sufficient because of the required precision and
the potential beam-energy dependence for current and fu-
ture experiments. A new method to measure pion-proton
production on hydrogen has been proposed in Ref. [22],
which would provide renewed access to those asymme-
tries on free protons. The second assumption is that, the
correlation needs to survive nuclear effects, such as Fermi
motion and nucleon FSIs. In the following, we investigate
the impact of nuclear effects on ALR and demonstrate the
idea of measuring absorbed-pion events with ALR atten-
uation.
III. MONTE CARLO CALCULATION
In this work, we use the neutrino event generator ge-
nie 2.12 [23] to study reaction (4) on carbon with a
muon neutrino of energy 3 GeV. In this simulation, QE
cross section is based on Ref. [24], RES is described by
the Rein-Sehgal model [25], DIS by the quark parton
model (QPM) [26] with the Bodek-Yang structure func-
tions [27], and 2p2h by the Valencia model [1, 28–30].
PYTHIA6 [31] and models based on Koba-Nielsen-Olesen
scaling [32] are used to describe hadronization. The ini-
tial nuclear state is modeled as a local Fermi gas, and
the FSI model is hA2015 [33, 34]. A sample of charged-
current (CC) events is generated. The 0π sample for this
study is selected by requiring that there are no final-state
mesons, and the final-state muon and proton satisfy the
following criteria:
1.5 GeV/c <pµ < 10 GeV/c, θµ < 20
◦, (5)
0.45 GeV/c <pp, θp < 70
◦, (6)
where pµ and θµ (pp and θp) are the muon (proton) mo-
mentum and polar angle with respect to the neutrino di-
rection, respectively. These criteria are inspired by MIN-
ERvA’s recent mesonless production measurement [6]. In
reaction (4), because the final-state proton may be the
knock-out product of a primary neutron undergoing FSI,
an additional primary pion-neutron channel,
νn→ ℓ−nπ+, (7)
is available in addition to the reactions (1) and (2).
In order to study ALR attenuation in a controlled way,
we removed the genie in-built empirical angular weight
and restored isotropy in the resonant decay. The result-
ing distribution of the Adler angle φ∗ [11, 16]—redefined
here as the nucleon azimuth in the primary pion-nucleon
rest frame, cf. Appendix A—is flat, giving a zero in-
trinsic left-right asymmetry. We then introduce the left-
right asymmetry by weighting φ∗ [35], where right is
0 < φ∗ < 180◦. The following weighting schemes are
used for comparison (0◦ ≤ φ∗ < 360◦):
w1(φ
∗) = 1 + sgn(φ∗ − 180◦) ·A0, (8)
w2(φ
∗) = 1−
π
2
A0 sinφ
∗, (9)
where sgn(x) is the sign function and A0 is the input
ALR in the primary pion-nucleon rest frame. A similar
3approach can be found in Ref. [36]. Because NL,R are
integrals in the respective regions, their asymmetry is
not sensitive to the modulation of the weights away from
the left-right boundary, φ∗ = 0◦ and 180◦. Therefore,
the sgn-and sin-weighting schemes are general as they
characterize different transitional behaviors—abrupt and
smooth, respectively. The weight is applied to all RES
channels before FSI. The post-FSI proton ALR is then
calculated for the leading (i.e. highest-momentum) pro-
ton for the absorbed-pion subsample and the overall sam-
ple, labeled by ARES and AAll, respectively.
To characterize the impact of nuclear effects on the
asymmetry, we organize the simulated events according
to the transverse momentum imbalance [4, 6, 7],
δpT = |~p
µ
T + ~p
p
T| , (10)
where ~p
µ (p)
T is the muon (proton) transverse momentum
with respect to the neutrino direction. If there is no FSI,
δpT is the transverse projection of the initial nucleon mo-
mentum due to Fermi motion; in full it represents the
sum of the initial nucleon momentum and any intranu-
clear momentum exchange including FSI. Higher-order
accuracy in describing the Fermi motion can be achieved
by the 3-dimensional momentum imbalance introduced
in Ref. [5] and measured by MINERvA [6].
The absorbed-pion fraction Sπ in the genie 0π events
is shown in Fig. 2. It gradually increases with δpT to
about 40% and then forms a plateau. Below δpT ∼
0.3 GeV/c is the Fermi-motion region dominated by QE.
Above δpT ∼ 0.3 GeV/c the absorbed-pion and 2p2h
events are the major contributions predicated with com-
parable size by genie. Because the event rate differ-
ence [the numerator in Eq. (3)] is the same in both the
absorbed-pion and overall samples, the respective asym-
metries, ARES and AAll, are inversely proportional to the
sample size, NRES and NAll. Hence we have
Sπ = NRES/NAll = AAll/ARES, (11)
as is demonstrated in Fig. 2 independent of the weighting
scheme.
In experiments, while the overall asymmetry AAll is
accessible, ARES needs to be separately measured on
free nucleons (A0) and folded with nuclear effects. In
this work, the primary asymmetry is reduced by about
50% (ARES/A0 in Fig. 2) in the Fermi-motion region
due to the “wobbling” of the primary pion-nucleon rest
frame. As δpT increases, the effect of nucleon FSI is ex-
pected to increase, further reducing ARES due to nucleon-
nucleon knockout. The asymmetry becomes zero at
δpT ∼ 0.8 GeV/c and then flips sign. The asymmetry-
flip is the signature of knock-out protons from absorbed
pions. Recall that the primary pion and nucleon have
opposite asymmetries. An absorbed-pion knockout will
carry part of the pion asymmetry. If energetically more
favourable, they will contribute a negative component
to A0πRES. A quantitative analysis is presented in Sec-
tion IV. We see that the impact from nuclear effects in
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FIG. 2. Absorbed-pion fraction Spi (= NRES/NAll) and asym-
metry ratios as a function of δpT in the genie 0pi sample.
The input asymmetry is A0 = 0.20. The asymmetry ra-
tios between primary A0, and post-FSI ARES and AAll, are
shown for the two weighting schemes w1 and w2. The error
bars represent statistical uncertainties in the simulation. The
proposed experimental observable AAll can be read out from
the figure as A0 · (ARES/A0) · (AAll/ARES), which is about
0.20× 0.5× 0.3 = 0.03 at δpT ∼ 0.2 GeV/c.
the Fermi-motion region is smaller than the attenuation
by uncorrelated protons characterized by AAll/ARES. A
measurement of Sπ with a model-dependent calculation
of ARES would be interesting at δpT < 0.4 GeV/c. This
would already cover the whole onset region and reach
the plateau. Furthermore, ARES could also be estimated
in complementary pion production measurements as fol-
lows.
In addition to the 0π sample, we simulate a one-pion
(1π) sample by requiring exactly one final-state pion—
and no other mesons—while keeping the same muon and
proton selection. The pion (π±,0) is only tagged but not
used in the calculations, and the same analysis is done
using only muon and proton kinematics using the same
method used in the 0π case. As is shown in Fig. 3, this
sample is dominated by RES, especially at small δpT,
where the fraction is about 80%; the rest is genie-DIS
events. Due to the absence of the absorbed-pion com-
ponent, the proton asymmetry in this 1π sample, A1πRES,
is only reduced by nucleon FSI. Overall, A1πRES preserves
A0 better than in the 0π case, now called A
0π
RES. Be-
cause to a good approximation the propagation of the
primary nucleon and pion do not interfere in the cold
nuclear medium, the difference between A1πRES and A
0π
RES
is caused by the absorbed-pion knockout from the 0π
events. As is indicated by A0πRES/A
1π
RES in Fig. 3, a ratio
of about 80% is observed at small δpT, which decreases
and eventually becomes negative with increasing δpT.
We can express the absorbed-pion fraction Sπ in 0π
events as
Sπ = CLR
f1πN
fA
, (12)
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FIG. 3. RES event fraction N1piRES/N
1pi
All and asymmetry ratios
as a function of δpT in the genie 1pi sample, where N
1pi
RES and
N1piAll are the event rate of the 1pi RES and overall sample,
respectively. The asymmetry ratios between primary A0, and
the post-FSI A0piRES and A
1pi
RES in the respective 0pi and 1pi
sample, are shown for the two weighting schemes w1 and w2.
with
CLR ≡
A0πAll
A1πAll
, (13)
f1πN ≡
N1πRES
N1πAll
, (14)
fA ≡
A0πRES
A1πRES
, (15)
where CLR is experimentally accessible from the 0π and
1π samples, f1πN is the 1π-event RES fraction correction,
and fA is the knock-out correction. Because fA < 1 due
to absorbed-pion knockout in the 0π sample and f1πN < 1
by definition, the two correction factors could be acci-
dentally canceling each other—this is indeed the case in
genie with both being about 80% at δpT < 0.4 GeV/c.
In Fig. 4 we see that CLR alone describes Sπ rather ac-
curately for the onset and up to the plateau. As a mat-
ter of fact, the cancellation between fA and f
1π
N is not
necessary for the proposed methodology. Experimental
approaches to bring both factors under control are pro-
posed in Section IV. Figure 4 further shows that the 0π
asymmetry-flip sets in at about 0.8 GeV/c. The variation
of CLR caused by different A0 is shown to be statistical.
IV. DISCUSSION
Comparing the two Adler angle φ∗-weighting schemes
[Eqs. (8) and (9)], w1 is more susceptible to the pri-
mary “wobbling” due to Fermi motion because of its
abrupt transition at the left-right boundary (φ∗ = 0◦ and
180◦). This explains the larger reduction of the asym-
metry, namely smaller ARES/A0, for w1 in both Figs. 2
and 3. Neither scheme has kinematic dependence. In
reality, however, the asymmetry is a function of the pri-
mary nucleon and pion kinematics. This requires precise
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FIG. 4. Absorbed-pion fraction Spi in the genie 0pi sample
compared to CLR with different input asymmetries, A0 =0.05
and 0.20. Weighting scheme w2 is used.
phase-space matching (i.e. comparing the same final-
state muon and proton phase space) between the 0π and
1π samples such that the only difference between the two
samples is the pion FSI. Since pion FSI is decoupled
from the primary pion-nucleon production, the phase-
space matched asymmetry from the 1π sample can be
used to infer the 0π one. In addition, the 1π-tagging in
this work does not have any phase space restriction. One
would need to study the experimental threshold effect of
the tagging techniques.
The effect of the absorbed-pion knockout in A0πRES can
be quantified by the event rates of the leading protons,
nN and nπ, originating from the primary nucleon (N) and
pion, respectively. Assuming the asymmetries from these
two components are exactly opposite, and they are of the
same size as in A1πRES, we have
A0πRES ≃
nN − nπ
nN + nπ
nNL − n
N
R
nN
, (16)
where L and R denote the left and right parts of the
event rates. The first factor on the RHS is the asymmetry
between the two leading-proton origins, denoted as AKO,
and the second one is identified as A1πRES following the
assumption. From Eq. (15), we have
fA ≃ AKO. (17)
Therefore, the experimental observable CLR reads
CLR ≃
1
f1πN
SπAKO. (18)
It has sensitivities to both the absorbed-pion event rate
and kinematics. In addition to the leading proton asym-
metry in 0π events, one could consider the asymmetry of
the subleading proton. The corresponding AKO will flip
sign, as a leading proton from the primary nucleon means
a subleading proton from the primary pion. By combin-
ing the leading and subleading proton asymmetries in a
two-proton 0π sample, useful information on fA could be
5extracted. In the few GeV regime, the pion production
and the corresponding pion-proton correlation in this de
facto shallow inelastic scattering (SIS) region is not well
studied. This gives rise to significant uncertainties in f1πN .
The SIS background could be reduced by restricting the
invariant mass of the hadronic system, W , via calorime-
try, like for example in Ref. [37], or by restricting the
tagged pion momentum to reduce high-W contributions.
The required sample size NAll of an asymmetry mea-
surement depends on the asymmetry AAll and the tar-
geted relative statistical uncertainty ε:
NAll ≃
1
ε2A2All
, for A2All ≪ 1. (19)
Therefore, for a primary resonant asymmetry ARES of
0.05–0.2, a measurement of AAll with 30% (relative) sta-
tistical uncertainty would require an order of 10–100K
0π-events in the several-GeV neutrino energy region. In
the sub-GeV region where the pion production is close
to the threshold, the smaller amount of pion absorption
only allows for sensitivity to larger ARES. On the other
hand, if we measure protonAAll as a function of the muon
kinematics, the determination of left/right only requires
angular but not momentum measurement. This would
greatly increase the sample size. This analysis strategy
is of particular interest to non-magnetised trackers. For
example, the MINERvA Low-Energy 0π measurement [6]
selects elastically scattered and contained protons to en-
sure the proton momentum-by-range precision. The sam-
ple size could increase by a factor of about 3 (roughly the
ratio between total and elastic proton-nucleus cross sec-
tions) if the proton momentum is not required, giving
about 12K signal events. Furthermore, the MINERvA
data using the NuMI Medium-Energy beam peaking at
about 6 GeV [38] would provide about 10 times more
statistics than the Low-Energy data, enabling a sensitiv-
ity to ARES ≃ 0.05. Finally, the systematic uncertainties
of measuring the asymmetry would be better controlled
than for a cross-section measurement because of the can-
cellation of the flux uncertainty which is currently at the
10% level.
V. SUMMARY AND OUTLOOK
In this work, we discuss the idea of pion-proton corre-
lation and its application in the study of absorbed-pion
events using final-state protons. Pion left-right asym-
metries have been previously measured in neutrino CC
production of overtly pion-proton final states, as an in-
dication of the ∆(1232)-resonance φ∗-polarisation. We
demonstrate with simulations that the correlated proton
asymmetry, ALR, can be observed in neutrino 0π produc-
tion on nuclei.
Compared to electron-nucleus and pion-nucleus (cf.,
for example, Ref. [39]) scattering where the absorbed
pion can be inferred to by the missing energy-momentum,
there has been no direct evidence of pion absorption
in neutrino 0π events. Measuring the proton left-right
asymmetry alone would be the first demonstration. This
could possibly be done with the existing T2K [7, 40],
MicroBooNE [41], NOvA [42], and MINERvA [6, 38]
data. The genie-predicted asymmetry-flip observed at
δpT ∼ 0.8 GeV/c is closely related to the kinematics
of the absorbed pions and its knockout. The crossover
appears to be a robust experimental observable as it is
shown to be independent of the weighting scheme and the
strength of the input asymmetry. The reproduction of a
measured crossover would be an important benchmark
for nuclear-effect modeling.
We further introduce CLR, the asymmetry ratio be-
tween 0π and 1π events, as an experimental probe for
the absorbed-pion fraction Sπ up to the genie-predicted
plateau at δpT ∼ 0.4 GeV/c. It would be interesting to
investigate further how this could constrain 2p2h contri-
butions, as it has been conjectured that the δpT region
0.3–0.4 GeV/c is where current 2p2h models have largest
deficit [6]. The full potential of the proposed techniques
could be realised by the existing MINERvA Medium-
Energy [38] and the future SBND [43] data sets.
The pion-proton correlation considered in this work
comes from pion production with the interference be-
tween resonant and nonresonant amplitudes. This would
be the dominant interaction channel at the DUNE [3]
energy. However, similar correlation also exists in rare
processes such as neutrino deeply virtual meson produc-
tion [44, 45]. Finally, even though we have only discussed
neutrino interactions, the antineutrino counterparts,
ν¯p→ ℓ+pπ−, (20)
ν¯p→ ℓ+nπ0, (21)
ν¯n→ ℓ+nπ−, (22)
ν¯A→ ℓ+pX, (23)
can be studied analogously. By revealing the absorbed-
pion fraction in antineutrino interactions, these addi-
tional measurements could be useful for the CP -violation
search using neutrino and antineutrino oscillations .
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Appendix A: Definition of Adler angles
The kinematics of the primary pion production consid-
ered in this work [Eqs. (1), (2), (7), and (20)–(22)] can
6be described by the following two-step reaction:
νN → µ∆, (A1)
∆→ Nπ, (A2)
where N is the in-coming nucleon, and ∆ is the ∆ res-
onance (or more generally the 4-momentum sum of the
out-going nucleon N and pion π). The angular distribu-
tions of N and π are determined by the decay [Eq. (A2)]
kinematics in the ∆ rest frame (quantities in this frame
are denoted by “∗”), where the Adler angles θ∗ and φ∗
are defined: if we denote the usual Cartesian basis vec-
tors as xˆ∗, yˆ∗, and zˆ∗, and the nucleon 3-momentum ~p ∗N,
we have
~p ∗N · xˆ
∗ = |~p ∗N| sin θ
∗ cosφ∗, (A3)
~p ∗N · yˆ
∗ = |~p ∗N| sin θ
∗ sinφ∗, (A4)
~p ∗N · zˆ
∗ = |~p ∗N| cos θ
∗. (A5)
Throughout this work, we use the angles of the nucleon,
instead of the pion, unless otherwise specified.
In the lab frame, if N is stationary, such as in the
scattering on hydrogen, the ∆ momentum is along the
direction of the lepton momentum transfer,
~q ≡ ~pν − ~pµ, (A6)
where ~pν is the neutrino momentum. Therefore, in the
∆ rest frame, zˆ∗ and yˆ∗ are naturally defined by ~p ∗ν − ~p
∗
µ
and ~p ∗ν × ~p
∗
µ , respectively [16].
However, when N is subject to Fermi motion, as is the
dominant case in current experimental situations, there
are two prescriptions to obtain the Adler angles:
(1) via a direct boost from the lab frame to the ∆ rest
frame which we denote by the subscript “1”, stand-
ing for “one-boost frame”. Then zˆ∗1 and yˆ
∗
1 are
defined by ~p ∗ν1 − ~p
∗
µ1 and ~p
∗
ν1 × ~p
∗
µ1, respectively.
The Adler angles θ∗1 and φ
∗
1 are calculated from
Eqs. (A3)–(A5) with ~p ∗N1.
(2) via a first boost from the lab frame to the N rest
frame, followed by a second one to the ∆ rest frame
which we denote by the subscript “2” for “two-
boost frame”. The corresponding basis vectors are
similarly obtained as before, and so are the Adler
angles θ∗2 and φ
∗
2.
These two ∆ rest frames are identical if the Fermi motion
of N is collinear with ~q in the lab frame; but in general,
the respective momenta of a given particle are different.
At first glance, the two-boost frame seems the only cor-
rect one because the Fermi motion is removed by its first
boost. As a matter of fact, the two frames only differ by
a rotation, known as the Wigner rotation [46], and since
angles are preserved under a rotation, we have φ∗1 = φ
∗
2
and θ∗1 = θ
∗
2 .
[1] J. Nieves, I. Ruiz Simo, and M. J. Vicente Vacas, Phys.
Lett. B 707, 72 (2012).
[2] K. Abe et al. (Hyper-Kamiokande Proto-Collaboration),
PTEP 2015, 053C02 (2015), arXiv:1502.05199 [hep-ex].
[3] R. Acciarri et al. (DUNE), (2015),
arXiv:1512.06148 [physics.ins-det].
[4] X. G. Lu, L. Pickering, S. Dolan, G. Barr, D. Coplowe,
Y. Uchida, D. Wark, M. O. Wascko, A. We-
ber, and T. Yuan, Phys. Rev. C94, 015503 (2016),
arXiv:1512.05748 [nucl-th].
[5] A. P. Furmanski and J. T.
Sobczyk, Phys. Rev. C95, 065501 (2017),
arXiv:1609.03530 [hep-ex].
[6] X. G. Lu et al. (MINERvA),
Phys. Rev. Lett. 121, 022504 (2018),
arXiv:1805.05486 [hep-ex].
[7] K. Abe et al. (T2K), Phys. Rev. D98, 032003 (2018),
arXiv:1802.05078 [hep-ex].
[8] P. A. Rodrigues et al. (MINERvA),
Phys. Rev. Lett. 116, 071802 (2016), [Adden-
dum: Phys. Rev. Lett.121,no.20,209902(2018)],
arXiv:1511.05944 [hep-ex].
[9] R. Gran et al. (MINERvA),
Phys. Rev. Lett. 120, 221805 (2018),
arXiv:1803.09377 [hep-ex].
[10] B. Eberly et al. (MINERvA),
Phys. Rev. D92, 092008 (2015),
arXiv:1406.6415 [hep-ex].
[11] O. Altinok et al. (MINERvA),
Phys. Rev. D96, 072003 (2017),
arXiv:1708.03723 [hep-ex].
[12] U. Mosel and K. Gallmeis-
ter, Phys. Rev. C97, 045501 (2018),
arXiv:1712.07134 [hep-ex].
[13] P. Stowell et al. (MINERvA), (2019),
arXiv:1903.01558 [hep-ex].
[14] K. Niewczas and J. T. Sobczyk,
Phys. Rev. C93, 035502 (2016),
arXiv:1511.02502 [hep-ex].
[15] L. B. Weinstein, O. Hen, and E. Pi-
asetzky, Phys. Rev. C94, 045501 (2016),
arXiv:1604.02482 [hep-ex].
[16] G. M. Radecky et al., Phys. Rev. D25, 1161 (1982), [Er-
ratum: Phys. Rev.D26,3297(1982)].
[17] S. L. Adler, Annals Phys. 50, 189 (1968), [,225(1968)].
[18] S. L. Adler, Phys. Rev. D12, 2644 (1975), [,485(1975)].
[19] J. E. Sobczyk, E. Hernndez, S. X. Nakamura,
J. Nieves, and T. Sato, Phys. Rev. D98, 073001 (2018),
arXiv:1807.11281 [hep-ph].
[20] M. Kabirnezhad, Phys. Rev. D97, 013002 (2018),
arXiv:1711.02403 [hep-ph].
[21] K. Abe et al., (2019), arXiv:1909.03936 [hep-ex].
[22] X.-G. Lu, D. Coplowe, R. Shah, G. Barr, D. Wark,
and A. Weber, Phys. Rev. D92, 051302 (2015),
7arXiv:1507.00967 [hep-ex].
[23] C. Andreopoulos, C. Barry, S. Dytman, H. Gallagher,
T. Golan, R. Hatcher, G. Perdue, and J. Yarba, (2015),
arXiv:1510.05494 [hep-ph].
[24] C. H. Llewellyn Smith, Phys. Rept. 3, 261 (1972).
[25] D. Rein and L. M. Sehgal, Annals Phys. 133, 79 (1981).
[26] E. A. Paschos and J. Y. Yu,
Phys. Rev. D65, 033002 (2002),
arXiv:hep-ph/0107261 [hep-ph].
[27] A. Bodek and U. K. Yang, J. Phys. G29, 1899 (2003),
arXiv:hep-ex/0210024 [hep-ex].
[28] J. T. Sobczyk, Phys. Rev. C 86, 015504 (2012).
[29] R. Gran, J. Nieves, F. Sanchez, and M. J.
Vicente Vacas, Phys. Rev. D88, 113007 (2013),
arXiv:1307.8105 [hep-ph].
[30] J. Schwehr, D. Cherdack, and R. Gran, (2016),
arXiv:1601.02038 [hep-ph].
[31] T. Sjostrand, S. Mrenna, and P. Z. Skands,
JHEP 05, 026 (2006), arXiv:hep-ph/0603175 [hep-ph].
[32] Z. Koba, H. B. Nielsen, and P. Olesen,
Nucl. Phys. B40, 317 (1972).
[33] S. A. Dytman and A. S. Meyer,
AIP Conf. Proc. 1405, 213 (2011).
[34] L. A. Harewood and R. Gran, (2019),
arXiv:1906.10576 [hep-ex].
[35] P. Stowell et al., JINST 12, P01016 (2017),
arXiv:1612.07393 [hep-ex].
[36] F. Snchez, Phys. Rev. D93, 093015 (2016),
arXiv:1511.00501 [hep-ex].
[37] T. Le et al. (MINERvA), (2019),
arXiv:1906.08300 [hep-ex].
[38] E. Valencia et al. (MINERvA), (2019),
arXiv:1906.00111 [hep-ex].
[39] E. S. Pinzon Guerra et al.,
Phys. Rev. D99, 052007 (2019),
arXiv:1812.06912 [hep-ex].
[40] K. Abe et al. (T2K), (2019), arXiv:1904.09611 [hep-ex].
[41] R. Acciarri et al. (Micro-
BooNE), JINST 12, P02017 (2017),
arXiv:1612.05824 [physics.ins-det].
[42] D. S. Ayres et al. (NOvA), (2004),
arXiv:hep-ex/0503053 [hep-ex].
[43] N. Mcconkey (SBND), , PoS NuFact2017, 067 (2018).
[44] B. Z. Kopeliovich, I. Schmidt, and
M. Siddikov, Phys. Rev. D86, 113018 (2012),
arXiv:1210.4825 [hep-ph].
[45] M. Siddikov and I. Schmidt,
Phys. Rev. D99, 116005 (2019),
arXiv:1904.04252 [hep-ph].
[46] E. P. Wigner, Annals Math. 40, 149 (1939), [Reprint:
Nucl. Phys. Proc. Suppl.6,9(1989)].
